The objective of this study was to determine the impact of stocker production systems differing in growth rate on differential adipogenic and lipogenic gene expression of intramuscular (IM), subcutaneous (SC), and perirenal (PR) adipose tissues. Angus steers were assigned to 4 stocker cattle production systems in 2 consecutive years: 1) cottonseed meal-based supplement while grazing dormant native range (CON), 2) ground corn/soybean meal-based supplement while grazing dormant native range (CORN), 3) grazing wheat pasture at a high stocking rate for a low rate of BW gain (LGWP), and 4) grazing wheat pasture at a low stocking rate for a high rate of BW gain (HGWP). Steers were harvested during the stocker phase at similar age (different carcass weight) in Exp. 1 (3 steers/treatment) or at similar carcass weight in Exp. 2 (4 steers/treatment genes. Multivariate analysis was used to evaluate the expression of adipogenic or lipogenic genes collectively. There was not a treatment × adipose tissue interaction (F-test, P > 0.15) when steers were harvested at similar age, but a treatment × adipose tissue interaction (F-test, P < 0.05) was evident when steers were harvested at similar carcass weight. At similar carcass weight, treatment had no effect (P > 0.10) on the canonical variate of adipogenic or lipogenic mRNA expression in IM adipose tissue, but faster rates of gain of LGWP and HGWP steers increased (P < 0.10) the canonical variate of adipogenic and lipogenic mRNA expression in SC and PR adipose tissue compared with CON and CORN steers. Strong positive correlations (P < 0.05) of PPARγ, SREBF1, GPDH, FASN, and DGAT2 mRNA expression with the canonical variate indicate that these genes strongly influenced differences between treatments and adipose tissues. These results suggest that contrary to our hypothesis rate of gain has little influence on differentiation and lipid synthesis of IM adipose tissue at similar carcass weight but faster rates of gain increase differentiation and lipid synthesis of SC and PR adipose tissue even at similar carcass weight.
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INTRODUCTION
Intramuscular adipose tissue of beef cattle is reported to differ in metabolism (Smith and Crouse, 1984) and development (Ortiz-Colon et al., 2009 ) compared with subcutaneous and perirenal adipose tissue, potentially due to the anatomical location of intramuscular adipocytes within the perimysium of muscle bundles. Intramuscular fat content is positively correlated (r = 0.46 to 0.49) with fiber area of oxidative muscle fiber types (Melton et al., 1974; May et al., 1977) and number of capillaries per muscle fiber (r = 0.63; Melton et al., 1975) . In addition, Kim et al. (2009) reported that gene expression of NADH dehydrogenase and cytochrome c oxidase, both involved in mitochondrial oxidative phosphorylation, explained 84 and 97% of the variation in intramuscular fat content of loin muscle, respectively, in Korean cattle.
Several studies (Seideman and Crouse, 1986; Vestergaard et al., 2000; Lehnert et al., 2006; Greenwood et al., 2009) have shown that lower rates of BW gain increased the proportion of oxidative fiber types at the expense of glycolytic fiber types. Klopfenstein et al. (2000) reported that long-yearling production systems with lower rates of BW gain at a young age had greater marbling scores when adjusted to a constant fat thickness compared to calf-fed production systems. Similarly, Sharman et al. (2013b) reported that steers with low rates of gain in the stocker phase tended to have greater marbling scores following finishing with lesser rib fat thickness. Our hypothesis was that slower rates of gain and muscle growth during the stocker phase would increase aerobic metabolism and angiogenesis of muscle promoting differentiation of intramuscular adipocytes for lipid filling during finishing. Therefore, our objective was to evaluate the effect of stocker production systems differing in growth rate on adipogenic and lipogenic gene expression of adipose tissue from different fat depots and metabolic and angiogenic gene expression of skeletal muscle of growing beef cattle.
MATERIALS AND METHODS
Before the initiation of these studies, all procedures for animal care, handling, and sampling were approved by the Oklahoma State University Institutional Animal Care and Use Committee (protocols AG-50-372 and AG-09-15).
Animals and Management
A detailed description of experimental procedures for the feeding and animal performance portion of this study has been published in a companion paper (Sharman et al., 2013b) . A brief description is provided in this paper along with methods for tissue sample collection and analysis. Experiment 1. Seventy-three fall-weaned Angus steers (258 ± 29 kg) from the Oklahoma State University Range Cow South Range Research Unit near Stillwater, OK, were used in the experiment. Steers were stratified by BW and allotted to 1 of 4 winter grazing treatments: 1) control, which was 1.02 kg/d of a 40% CP cottonseed meal-based supplement to meet their degradable intake protein requirement while grazing dormant tallgrass native range (CON), 2) ground corn/soybean meal-based supplement fed at 1% of BW while grazing dormant tallgrass native range (CORN), 3) grazing winter wheat pasture at a high stocking rate (3.21 steers/ha) to achieve a low rate of BW gain (LGWP), and 4) grazing winter wheat pasture at a low stocking rate (0.99 steers/ha) to achieve a high rate of BW gain (HGWP). Steers were also equally stratified across treatments by known sire for selection of steers for intermediate harvest to minimize genetic differences among treatments. Steers were not implanted before weaning or during the grazing phase. At the end of the 138-d winter grazing phase, 3 steers per treatment from the same sire were harvested at the Oklahoma State University Food and Agricultural Products Center (FAPC) abattoir to compare gene expression of skeletal muscle and adipose tissue of steers at similar age. This corresponds to the first intermediate harvest in Exp. 1 described by Sharman et al. (2013b) .
Experiment 2. Seventy-six fall-weaned Angus steers (258 ± 28 kg) from the same Oklahoma State University cow herd as Exp. 1 were used in the experiment. Steers were stratified by BW and allotted to 1 of 4 winter grazing treatments described in Exp. 1. Steers were equally stratified across treatments by known sire for selection of steers for intermediate and final harvests at the FAPC abattoir to minimize genetic differences among treatments. Steers were not implanted before weaning or during the grazing phase. During winter grazing, CON and CORN steers were individually fed 5 d/wk. On April 13 (130 d), CON and CORN steers were placed onto a summer grazing program without winter supplements being fed. Steers in each treatment grazed their respective pastures to a target HCW of 200 kg before finishing. Estimated HCW was determined from the shrunk live BW and an average dressing percentage for each treatment reported in previous experiments using similar types of cattle and grazing production programs (Exp. 1; Hersom et al., 2004) . Hot carcass weight was used as the end point rather than shrunk BW to account for differences in gut fill and visceral organ mass. The number of days grazing for steers in each treatment to reach the target HCW was 74 (February 17), 142 (April 26), 180 (June 2), and 262 d (August 24) for the HGWP, LGWP, CORN, and CON treatments, respectively. At the end of the grazing phase, 4 steers per treatment from the same sire were harvested at the FAPC abattoir to compare gene expression of skeletal muscle and adipose tissue of steers at similar HCW before finishing. This corresponds to the intermediate harvest in Exp. 2 described by Sharman et al. (2013b) .
Following the grazing phase, the remaining steers within each treatment were transitioned to the feedlot for finishing and managed as described by Sharman et al. (2013b) . Steers were fed to reach a predicted common 12th-rib fat thickness of 1.27 cm based on an ultrasound measurement 30 d before harvest. Following finishing, 4 steers from each treatment were harvested at the FAPC abattoir to compare gene expression of skeletal muscle and adipose tissue of finished steers. This corresponds to the final harvest in Exp. 2 described by Sharman et al. (2013b) .
Tissue Sample Collection and Analysis
At each harvest, samples of LM and subcutaneous (SC) and perirenal (PR) adipose tissue were collected. A section of the loin muscle from the 12th rib to the first lumbar vertebrae was removed from the right side of the carcass after removal of the hide. The loin was removed of SC adipose tissue and cut into 1.25 cm thick cross sections. Each cross section was laid flat and removed of exterior portions and any fat thought to be seam fat or intruding SC fat. The remaining muscle tissue was sliced into small pieces and placed in 50 mL conical tubes with RNAlater (Life Technologies, Carlsbad, CA) on ice. Samples of SC adipose tissue were taken from the adipose tissue removed from the loin section, dissected of dense connective tissue, diced into small pieces, and placed in 50 mL conical tubes of RNAlater on ice. Perirenal adipose tissue was collected where the renal artery and vein attach to the kidney after removal of the kidney from the carcass, diced into small pieces, and placed in 50 mL conical tubes of RNAlater on ice. All samples were stored in RNAlater at -80°C.
Before isolation of total RNA, LM samples were thawed on ice and dissected of intramuscular (IM) adipose tissue under magnification (0.9-4x model SZ30 binocular dissecting microscope; Olympus Corp., New York, NY). Dissected IM adipose tissue was visualized under magnification a second time to remove any residual muscle tissue in the sample. Following dissection, LM and IM adipose tissue were stored at -80°C.
Total RNA was isolated from tissue samples using TRIzol (Invitrogen Corp., Carlsbad, CA) following the manufacturer's instructions. Following isolation of RNA with TRIzol, a second phenol:chloroform:isoamyl alcohol (25:24:1) extraction was used to remove additional fat from the sample and remove any guanidine isothiocyanate carryover from the TRIzol procedure (Pillai, 2008) . The RNA pellet was resuspended in diethylpyrocarbonate-treated water and stored at -80°C. The integrity of the RNA was determined using gel electrophoresis and quantified using a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE Total RNA (1.0 μg) was used to synthesize cDNA using a reverse transcriptase kit (QuantiTect; Qiagen Inc., Valencia, CA). Primers for qRT-PCR were designed using Primer3 software package (Rozen and Skaletsky, 2000) and evaluated for specificity using the basic local alignment search tool (BLAST; http://blast.ncbi.nlm.nih. gov/Blast.cgi), and complementarity of each primer pair was evaluated using OligoAnalyzer 3.1 (Integrated DNA Technologies, Coralville, IA). The qRT-PCR reactions containing 7.5 μL of RT 2 Fast SYBR Green Supermix for iQ (SABiosciences, Frederick, MD), 0.25 μL of 25 μM forward primer (400 nM), 0.25 μL of 25 μM reverse primer (400 nM), and 100 ng of cDNA were performed using a MyiQ Real Time PCR detection system (BioRad Laboratories, Hercules, CA). Thermal cycling parameters were 95°C for 5 min followed by 40 cycles of 95°C for 10 s, optimum annealing temperature for 30 s, and then 72°C for 30 s. Following amplification, a melt curve analysis was performed to verify that all reactions displayed a single (±0.5°C) melt peak temperature indicating a unique product was amplified. A panel of reference genes was evaluated for normalization: 18S ribosomal RNA, ribosomal protein S9 (RPS9), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), TATA box binding protein, tyrosine 3/tryptophan 5 monooxygenase activation protein, zeta (YWHAZ), succinate dehydrogenase subunit A flavoprotein, β actin (ACTB), and peptidylprolyl isomerase A (PPIA). GeNorm software (http://medgen.ugent.be/~jvdesomp/genorm/;
Vandesompele et al., 2002) was used to determine the number of reference genes required to normalize the data and to identify the most stable reference genes to use for normalization. Messenger RNA expression of GAPDH, ACTB, RPS9, and YWHAZ were used for normalization in LM and PPIA, ACTB, RPS9, and YWHAZ were used in adipose tissue. The relative quantification of mRNA expression was computed using the 2 ∆Ct method where threshold cycle (Ct) values of each gene were adjusted for differences in qRT-PCR reaction efficiency (Sharman et al., 2013a) . A normalization factor was computed as the geometric mean of the reaction efficiency-adjusted Ct values for the reference genes. The relative expression values of the target genes in adipose tissue and LM were then computed as 2 (normalization factor -target Ct) × 10 4 and 2 (normalization factor -target Ct) × 10 3 , respectively. This procedure allowed statistical analysis of linear mRNA expression values after adjusting for differences in qRT-PCR reaction efficiency.
Statistical Analysis
All data were analyzed using SAS (version 9.2; SAS Inst. Inc., Cary, NC). Individual steer was the experimental unit for all gene expression data analysis in Exp. 1 and 2. Relative mRNA expression values for adipose tissues were analyzed using a general linear model (PROC GLM) that included the fixed effects of treatment, adipose tissue, and the interaction term in Exp. 1 and 2. Relative mRNA expression values for LM were analyzed using a general linear model (PROC GLM) that included the fixed effect of treatment in Exp. 1 and 2. For genes involved in adipogenesis and lipogenesis at intermediate harvest in Exp. 1 and 2, multivariate analysis of variance (MANOVA) was used to evaluate the overall effect of treatment, adipose tissue, and the interaction on mRNA expression of genes that play crucial roles in each process. From MANOVA, raw canonical coefficients were used to compute a canonical variate, which was analyzed using a general linear model (PROC GLM) that included fixed effects of treatment, adipose tissue, and the interaction term. Least square means were separated using Fisher's protected LSD at P < 0.10 when F-value was significant at P < 0.05; interaction terms at 0.05 < P ≤ 0.15 were considered a trend. Pearson correlation coefficients between expression of metabolic and angiogenic genes in LM and adipogenic and lipogenic genes in adipose tissue were computed using PROC CORR of SAS.
RESULTS

Intermediate Harvest
The canonical variate analysis of mRNA expression of adipogenic and lipogenic genes in adipose tissues of steers at intermediate harvest in Exp. 1 and 2 are presented in Fig. 1 . In Exp. 1, when samples were collected from steers at similar age (different HCW), there was not a treatment × adipose tissue interaction (F-test, P > 0.15) for the canonical variate of adipogenic or lipogenic mRNA expression. The canonical variate of adipogenic mRNA expression in adipose tissues in CON steers was less (P < 0.10) compared with other steers. The canonical variate of adipogenic genes was moderately positively correlated (P < 0.05) with SREBF1 and CEBPβ mRNA expression and strongly negatively correlated (P < 0.05) with DLK1 mRNA expression indicating that these genes had the most influence on treatment differences. The canonical variate of lipogenic mRNA expression in adipose tissues of LGWP and HGWP steers was greater (P < 0.10) compared with adipose tissues in CON and CORN steers, and all 3 lipogenic genes had a strong positive correlation (P < 0.05) with the canonical variate. In adipose tissues, the canonical variate of adipogenic mRNA expression was less (P < 0.10) in IM than SC and PR adipose tissue and was less (P < 0.10) in SC than PR adipose tissue. There was a strong positive correlation (r = 0.90, P < 0.05) between the canonical variate of adipogenic mRNA expression in adipose tissues and PPARγ mRNA expression. For the canonical variate of lipogenic mRNA expression, IM was less (P < 0.10) than SC and PR adipose tissues and PR was less (P < 0.10) than SC adipose tissue. Fatty acid synthase and DGAT2 mRNA expression had strong positive correlations (r = 0.82 and r = 0.76, respectively; P < 0.05) with the canonical variate of lipogenic mRNA expression.
In contrast to Exp. 1, there was a significant (F-test, P < 0.05) treatment × adipose tissue interaction for the canonical variate of both adipogenic and lipogenic mRNA expression in steers harvested at similar carcass weight at intermediate harvest in Exp. 2 (Fig. 1) . There was no difference in the canonical variate of adipogenic mRNA expression among treatments in IM; however, HGWP and LGWP steers had greater (P < 0.10) canonical variate of adipogenic mRNA expression than CORN and CON steers in SC adipose tissue. In PR adipose tissue, the canonical variate of adipogenic mRNA expression was greater (P < 0.10) for HGWP steers compared with CORN steers; CON and LGWP steers were intermediate. These differences are mainly driven by mRNA expression of PPARγ and SREBF1 (r = 0.71 and r = 0.98, respectively), but mRNA expression of CEBPβ and DLK1 also had positive correlations (P < 0.05) with the canonical variate. Similar to the pattern seen for adipogenic genes, the canonical variate of lipogenic mRNA expression was similar (P > 0.10) among treatments in IM, but LGWP steers had greater (P < 0.10) canonical variate of lipogenic mRNA (preadipocyte factor 1) ; GPDH = glycerol-3-phosphate dehydrogenase; FASN = fatty acid synthase; DGAT2 = diacylglycerol acyltransferase 2. abc Within a treatment or tissue, means without a common superscript differ (P < 0.10). *Correlation coefficient is different from zero (P < 0.05). †Correlation coefficient is different from zero (P < 0.10).
expression compared with CON and CORN steers in SC adipose tissue. In PR adipose tissue, the canonical variate of lipogenic mRNA expression was greater (P < 0.10) for HGWP steers compared with the other steers. Strong positive correlations (P < 0.05) were observed between mRNA expression of GPDH, FASN, and DGAT2 and the canonical variate of lipogenic mRNA expression.
When comparing mRNA expression of individual genes in Exp. 1 (Table 2) , no treatment × adipose tissue interaction (F-test, P > 0.15) was observed for mRNA expression of PPARγ and SREBF1. Messenger RNA expression of PPARγ was not affected by treatment but was 3.2-fold greater (P < 0.10) in PR than SC and IM adipose tissue and was 4.0-fold greater in SC than IM adipose tissue. Abundance of SREBF1 mRNA was 2.5-fold greater (P < 0.10) for HGWP than CON steers with CORN and LGWP steers being intermediate and was 1.4-fold greater (P < 0.10) in SC than PR and 2.1-fold greater in PR than IM adipose tissue. There tended (F-test, P = 0.10) to be a treatment × adipose tissue interaction for mRNA expression of CEBPβ such that no difference (P > 0.10) was observed among treatments in IM adipose tissue, but CORN and HGWP steers had 2.0-fold greater (P < 0.10) mRNA expression in SC compared with CON and LGWP steers.
In PR adipose tissue, LGWP steers had 2.2-fold less (P < 0.10) mRNA abundance of CEBPβ than the other steers. There was a treatment × adipose tissue interaction (F-test, P < 0.05) for mRNA expression of DLK1 such that CON steers had 3.3-fold greater (P < 0.10) mRNA expression of DLK1 than CORN steers and CORN steers had 2.0-fold greater (P < 0.10) mRNA expression than LGWP and HGWP steers, but treatment had no effect on mRNA expression of DLK1 in SC adipose tissue. In PR adipose tissue, CON steers had 2.6-fold greater (P < 0.10) mRNA expression of DLK1 than the other steers.
For lipogenic genes in Exp. 1, there were no treatment × adipose tissue interactions (F-test, P > 0.15) for any of the genes evaluated (Table 2) , which is similar to canonical variate analysis. Messenger RNA abundance of GPDH, FASN, and DGAT2 were upregulated (P < 0.10) 2.2-, 12.2-, and 5.0-fold, respectively, in LGWP and HGWP steers compared with CON and CORN steers. Among adipose tissues, the expression pattern of lipogenic genes differed slightly. Messenger RNA expression of GPDH was upregulated (P < 0.10) 2.3-fold in PR compared with IM and SC adipose tissues whereas mRNA expression of FASN was upregulated (P < 0.10) 6.6-fold in PR and SC compared with IM adipose tissue. Messenger RNA expression of DGAT2 was upregu- a-c Within a row and adipose tissue, means without a common superscript letter differ (P < 0.10). lated (P < 0.10) 1.6-fold in PR compared with SC and 5.2-fold in SC compared with IM adipose tissue. In Exp. 2, there tended (F-test, P < 0.15) to be a treatment × adipose tissue interaction for mRNA expression of PPARγ and CEBPβ and a significant (F-test, P < 0.05) treatment × adipose tissue interaction for mRNA abundance of SREBF1 (Table 2) , which is similar to canonical variate analysis. There was no difference (P > 0.10) among treatments in mRNA expression of PPARγ, SREBF1, or CEBPβ in IM adipose tissue, but LGWP and HGWP steers had 6.1-, 37.0-, and 7.6-fold upregulated (P < 0.10) mRNA expression of PPARγ, SREBF1, and CEBPβ, respectively, compared with CON and CORN steers in SC adipose tissue. In PR adipose tissue, HGWP steers had 1.7-fold upregulated (P < 0.10) mRNA expression of PPARγ compared with CORN steers, but CORN steers had 1.2-fold upregulated (P < 0.10) mRNA abundance of CEBPβ compared with HGWP steers; CON and LGWP steers were intermediate for both PPARγ and CEBPβ. There was not a difference (P > 0.10) in mRNA expression of SREBF1 among treatments in PR adipose tissue. Messenger RNA expression of DLK1 was not affected by treatment (F-test, P > 0.15) but was upregulated (P < 0.10) 2.7-fold in PR compared with IM and SC adipose tissue.
For lipogenic genes in Exp. 2, there was a treatment × adipose tissue interaction (F-test, P < 0.05) for mRNA expression of GPDH and FASN and tended (F-test, P < 0.15) to be a treatment × adipose tissue interaction for mRNA abundance of DGAT2 (Table 2) , which is similar to canonical variate analysis. There was no difference (P > 0.10) among treatments in GPDH mRNA expression in IM adipose tissue, but expression was upregulated (P < 0.10) 2.9-fold in SC adipose tissue of HGWP and LGWP steers compared with CON and CORN steers. In PR adipose tissue, mRNA expression of GPDH was downregulated (P < 0.10) 3.2-fold in CORN steers compared with the other steers. There was no difference (P > 0.10) among treatments on FASN mRNA expression in IM adipose tissue, but mRNA expression was upregulated (P < 0.10) 39.9-fold in SC adipose tissue of HGWP and LGWP steers compared with CON and CORN steers. In PR adipose tissue, mRNA expression of FASN was downregulated (P < 0.10) 6.9-fold in CORN steers compared with CON and HGWP steers; LGWP steers were intermediate. Similar to mRNA abundance of GPDH and FASN, there was not a difference (P > 0.10) among treatments for DGAT2 in IM adipose tissue, but mRNA expression was upregulated (P < 0.10) 3.9-fold in SC adipose tissue of LGWP steers compared with the other steers, and CORN steers had the least mRNA expression. In PR adipose tissue, mRNA expression of DGAT2 was upregulated (P < 0.10) 4.5-fold in HGWP steers compared with the other steers.
Relative mRNA abundance of metabolic and angiogenic genes in LM of steers collected at intermediate harvest in Exp. 1 and 2 are presented in Table 3 . In Exp. 1, mRNA expression of ND2 was upregulated (P < 0.10) 1.6-fold in LM of LGWP steers compared with CON steers and the HGWP and CORN steers were intermediate. There was no effect of treatment (F-test, P > 0.05) on mRNA expression of COX3, HADH, CS, GYG1, CPT1B, VEGFA, ANGPT1, or ANGPT2 when steers were harvest at similar age (different HCW). In contrast, when steers were harvest at similar HCW in Exp. 2, treatment affected (F-test, P < 0.05) many of the metabolic and angiogenic genes evaluated. Messenger RNA expression of HADH, CS, GYG1, and ANGPT1 were upregulated (P < 0.10) 1.4-, 1.7-, 1.9-, and 2.0-fold, respectively, in HGWP steers compared with the other steers. Additionally, mRNA abundance of ND2 and VEGFA were upregulated (P < 0.10) 1.5-and 1.4-fold, respectively, in HGWP and CORN steers compared with a-c Within a row, means without a common superscript letter differ (P < 0.10).
1 CON = dormant native range plus 40% CP supplement; CORN = dormant native range plus corn-based supplement; LGWP = low rate of gain on wheat pasture; HGWP = high rate of gain on wheat pasture.
2 COX3 = cytochrome c oxidase subunit III; ND2 = NADH dehydrogenase subunit II; HADH = hydroxyacyl-CoA dehydrogenase; CS = citrate synthase; GYG1 = glycogenin 1; CPT1B = carnitine palmitoyltransferase 1B; VEGFA = vascular endothelial growth factor A; ANGPT1 = angiopoietin-1; ANGPT2 = angiopoietin-2.
CON and LGWP steers. Messenger RNA expression of ANGPT2 was upregulated (P < 0.10) 1.5-fold in LM of HGWP steers compared with CON and LGWP steers, and CORN steers were intermediate.
Final Harvest
At final harvest in Exp. 2, there tended (F-test, P < 0.15) to be a treatment × adipose tissue interaction for mRNA expression of SREBF1 and GPDH but not for any of the other adipogenic or lipogenic genes evaluated (Table 4) . Messenger RNA expression of SREBF1 was not different (P > 0.10) among treatments in IM or PR adipose tissue, but in SC adipose tissue mRNA expression was downregulated (P < 0.10) 1.7-fold in LGWP steers compared with the other steers. There was not a treatment effect (F-test, P > 0.05) but was a significant adipose tissue effect (F-test, P < 0.05) for PPARγ, CEBPβ, and DLK1. Abundance of PPARγ mRNA was upregulated (P < 0.10) 1.9-fold in SC compared with PR and 4.0-fold in PR compared with IM adipose tissue. Messenger RNA expression of CEBPβ was upregulated (P < 0.10) 1.5-fold in IM compared with SC and PR adipose tissue. Expression of DLK1 mRNA was upregulated (P < 0.10) 5.3-and 14.6-fold in PR compared with IM and SC adipose tissue, respectively.
Expression of GPDH mRNA was not different (P < 0.10) among treatments in IM adipose tissue, but in SC adipose tissue mRNA abundance was upregulated (P < 0.10) in HGWP and CORN steers compared with CON steers, with LGWP steers being intermediate. In PR adipose tissue, CORN steers had greater (P < 0.10) mRNA expression of GPDH compared with LGWP and HGWP steers and CON steers were intermediate. Significant (F-test, P < 0.05) effects of treatment and adipose tissue were observed for FASN mRNA expression. Relative expression of FASN mRNA was 2.0-and 1.4-fold greater (P < 0.10) in CON steers compared with LGWP and HGWP steers, respectively, and 4.4-and 6.2-fold greater (P < 0.10) in SC compared with IM and PR adipose tissue, respectively. The relative abundance of DGAT2 mRNA was 3.7-fold greater (P < 0.10) in SC compared with PR and 2.4-fold greater (P < 0.10) in PR compared with IM adipose tissue.
In LM at final harvest, treatment had little influence on metabolic or angiogenic mRNA expression (Table 5) . Messenger RNA expression of CS was affected by treatment (F-test, P < 0.05) such that LGWP steers had greater (P < 0.10) mRNA expression compared with the other steers. There were no treatment differences (F-test, P > 0.05) for any of the other genes evaluated in LM at final harvest.
Pearson correlations between expression of metabolic and angiogenic genes in LM and adipogenic and lipogenic genes in adipose tissue are not shown in table form, but important correlations are described in the text below. Messenger RNA expression of COX3 in LM was positively correlated (P < 0.05, r = 0.58) in Exp. 1 and tended (P = 0.14) to be positively correlated (r = 0.40) at intermediate harvest in Exp. 2 with mRNA expression of PPARγ in IM but not in SC or PR adipose tissue in either Exp. 1 or 2 (data not shown). In Exp. 2, mRNA expression of VEGFA and ANGPT1 in LM tended (P < 0.15) to be positively correlated (r = 0.38 and r = 0.40) and ANGPT2 was positively correlated (P < 0.01, r = 0.85) with mRNA expression of PPARγ in IM but not in SC or PR adipose tissue. However, mRNA expression of angiogenic genes was not correlated with mRNA expression of PPARγ in any adipose tissue in Exp. 1. 
DISCUSSION
In the current study, treatments consisted of different stocker cattle grazing systems that differed considerably in nutrient profile of the diet; however, these systems also produced steers with differing rates of gain and BW before finishing. Average daily gain from start of the experiment to intermediate harvest averaged 0.33, 0.57, 0.76, and 1.33 kg/d for CON, CORN, LGWP, and HGWP, respectively, across Exp. 1 and 2. Thus, treatments are confounded with rate of gain and with age and BW at harvest. Even though nutrient profile of the diet could have influenced the results, it is most likely that the overwhelming influence on adipose tissue development is rate of gain and BW (Cianzio et al., 1985; Hersom et al., 2004) . Therefore, results of this study will be discussed in respect to differences in rate of gain and BW.
Both the canonical variate and univariate analysis of gene expression are presented. The canonical variate analysis of adipogenic or lipogenic genes collectively was conducted to better evaluate the overall impact of treatments on adipocyte differentiation and lipid synthesis and therefore will be the focus of the discussion. When gene expression was evaluated at similar age (different HCW) during the stocker phase, mRNA expression of adipogenic and lipogenic genes were similarly affected by treatment in all 3 adipose tissues; adipose tissues had greater adipocyte differentiation and lipid synthesis as rate of gain and HCW increased. These results are consistent with carcass data from these steers where marbling score (180, 217, 280, and 340) , 12th-rib fat thickness (0.03, 0.10, 0.17, and 0.85 cm), and KPH (0.50, 0.50, 0.67, and 1.33%) increased as rate of gain and HCW increased (Sharman et al., 2013b) . In contrast, when gene expression was evaluated at similar HCW during the stocker phase, mRNA expression of adipogenic and lipogenic genes was not affected by rate of gain in IM adipose tissue indicating similar adipogenesis and lipid synthesis, but greater rates of gain increased adipocyte differentiation and lipid synthesis in SC and PR adipose tissues. These results are not consistent with the lack of difference in 12th-rib fat thickness (0.36, 0.06, 0.36, and 0.46 cm) and the difference in marbling score (158, 143, 315, and 228) but are consistent with differences in KPH (0.63, 0.50, 1.13 , and 1.38%) at intermediate harvest (Sharman et al., 2013b) . The reason for the lack of consistent results between mRNA expression in SC adipose tissue and 12th-rib fat thickness are unknown. The lack of inconsistent results between mRNA expression in IM and marbling score may be a consequence of too little energy intake in CON and CORN steers to achieve lipid filling of differentiated adipocytes in IM and, given that the machinery for lipid synthesis was similar to LGWP and HGWP steers, would suggest that lipid synthesis in IM adipose tissue is not a substrate driven process. Smith and Crouse (1984) reported that lipogenic enzyme activity and the rate of fatty acid synthesis increased in SC adipose tissue of steers fed the higher energy ground corn diet compared with corn silage diet but that diet did not influence enzyme activity or rate of fatty acid synthesis in IM adipose tissue. This agrees with the current study, which indicates that rate of gain (i.e., dietary energy) was not a key factor in mRNA expression of lipogenic genes in IM but was in SC adipose tissue. Additionally, lipogenic enzyme activity and glycerol synthesis from acetate, lactate, or glucose was consistently greater in SC than IM adipose tissue (Smith and Crouse, 1984) , which is similar to the greater mRNA expression of lipogenic genes in SC than IM adipose tissue in the current study. Chung et al. (2007) reported no difference in acetate incorporation into IM adipocytes between steers fed corn-or hay-based diets when harvested at similar BW; however, corn-fed steers had greater acetate incorporation in SC adipocytes. Similarly, Graugnard et al. (2009) reported no difference in mRNA expression of FASN and DGAT2 in longissimus lumborum muscle (possibly indicative of IM fat) of Angus steers fed high-or low-starch diets for 112 d whereas Graugnard et al. (2010) reported greater mRNA expression in steers fed the high starch diet; steers fed high-or low-starch diets had similar BW. Therefore, the effect of dietary energy density on lipogenesis in IM adipose tissue at similar BW is inconsistent, but increased dietary energy increases lipogenesis in SC adipose tissue. Chung et al. (2007) reported no difference in cellularity of IM or SC adipose tissue between steers fed a corn-or hay-based diet harvested at similar BW suggesting no difference in recruitment and differentiation of new adipocytes. Similarly, Graugnard et al. (2009 Graugnard et al. ( , 2010 reported no difference in mRNA expression of PPARγ and SREBF1 in longissimus lumborum muscle (possibly indicative of IM fat) of Angus steers fed either a low-or high-starch diet for 112 d; incidentally; steers had similar BW. These results suggest that dietary energy density has minimal impact on adipocyte differentiation in IM adipose tissue at similar BW. Smith et al. (2007) reported that yearling-fed steers had greater number of IM adipocytes per gram of tissue than calf-fed steers at a constant age, but the number of IM adipocytes per gram of tissue was similar when yearling-fed steers achieved a constant BW. Additionally, in cell culture studies, Grant et al. (2008) and Ortiz-Colon et al. (2009) observed that there are inherent differences in the ability of stromal vascular cells from IM, SC, and PR adipose tissue to differentiate (PR > SC > IM), which agrees with the consistently lower adipogenic mRNA expression in IM compared with other adipose tissues.
Previous research appears to indicate that skeletal muscle fiber type and muscle metabolism may be related to IM adipose tissue development. Melton et al. (1974) and May et al. (1977) reported a positive correlation between IM fat content and fiber area of oxidative muscle fiber types (r = 0.46 to 0.49) and number of capillaries per muscle fiber (r = 0.63; Melton et al., 1975) . In addition, Kim et al. (2009) reported that gene expression of NADH dehydrogenase and cytochrome c oxidase explained 84 and 97%, respectively, of the variation in IM fat content of loin muscle. In our study, mRNA expression of metabolic genes was determined to evaluate oxidative metabolism (COX3, ND2, HADH, CS, CPT1B, and GYG1) of skeletal muscle. Cytochrome c oxidase subunit 3 and ND2 are components of the electron transport chain and oxidative phosphorylation in mitochondria. Citrate synthase is a key enzyme in the citric acid cycle (Kreb's cycle), and CPT1B and HADH are involved in transporting fatty acids into mitochondria and β-oxidation, respectively. In addition, mRNA expression of angiogenic genes (VEGFA, ANGPT1, and ANGPT2) were determined to evaluate vascular development of skeletal muscle, which provides the nutrient supply and basement structure for development of IM fat deposits (Moody and Cassens, 1968) . Vascular endothelial growth factor A increases blood vessel growth through migration and mitosis of endothelial cells and extracellular matrix remodeling (Hausman and Richardson, 2004; Breen et al., 2008) . Angiopoietin-1 has been shown to increase vascular branching and remodeling whereas ANGPT2 destabilizes blood vessels for remodeling and prevents excessive branching (Hausman and Richardson, 2004) .
The relationships among gene expression in skeletal muscle and IM adipose tissue were not as strong as the previously reported relationships of NADH and COX3 with lipid content (Kim et al., 2009 ) but still point to a possible role of skeletal muscle metabolism influencing IM adipose tissue development. Previous studies have evaluated differential gene expression of LM between cattle breeds with low and high IM fat content. Wang et al. (2005) reported that LM of Holstein cattle (low IM fat) had greater mRNA expression of myosin heavy chain 2a and 2x, pyruvate kinase, and pyruvate dehydrogenase kinase 4 compared with Japanese Black cattle (high IM fat) suggesting that glycolytic muscle metabolism is inversely related to IM fat. However, Wang et al. (2009) reported that LM of Wagyu cattle (high IM fat) had greater mRNA expression of pyruvate dehydrogenase kinase 4 and 6-phosphofructo-2-kinase than Piedmontese cattle (low IM fat) suggesting that greater glycolytic muscle metabolism is associated with increased IM fat. Additionally, several enzymes involved in oxidative phosphorylation were downregulated in LM of Wagyu cattle suggesting an inverse relationship with IM fat. Therefore, given these inconsistent results, more research is needed to better understand the role of skeletal muscle in IM adipose tissue development.
Collectively, these results suggest that differentiation and lipid synthesis in IM adipose tissue are primarily related to BW whereas differentiation and lipid synthesis in SC and PR adipose tissue is influenced by energy intake and rate of gain. It is perplexing as to why differentiation and lipid synthesis of IM adipose tissue was not negatively impacted by rate of gain as was SC and PR adipose tissue. We theorize skeletal muscle plays a key role in regulating the development of IM adipose tissue. The positive relationships between metabolic and angiogenic genes in skeletal muscle and PPARγ in IM adipose tissue along with previous studies attest to the idea that muscle metabolism influences differentiation of IM adipocytes, but our evaluation of oxidative metabolism of skeletal muscle is not consistent with gene expression in IM adipose tissue or final marbling scores. Further research is necessary to fully elucidate the mechanisms by which skeletal muscle influences IM adipose tissue development.
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